Microstructural evaluation during transient liquid phase diffusion (TLPD) bonding of extruded aluminium based metal matrix composite (6061-15 wt% SiC P ) using 50 mm thick copper interlayer was investigated by optical microscopy, scanning electron microscopy (SEM) together with SEM-based energy dispersive X-ray spectroscopy (EDS) and pulse echo ultrasonic test. Microstructural changes in the joint region were examined at five different holding time (20 min, 1 h, 2 h, 3 h and 6 h) for a bonding temperature of 560°C under two different applied pressures (0.1 MPa and 0.2 MPa). Kinetics of the bonding process was significantly accelerated in presence of reinforcement (SiC). This acceleration is attributed to the increased solute diffusivity through defect-rich SiC particle/matrix interface and porosity. The segregated particle at bond interface caused significant attenuation of ultrasonic wave, especially at lower bonding time. The attenuation effect decreased with increasing bonding time as width of particle segregation decreased.
Introduction
Aluminium based metal matrix composites (AlMMC) possess superior properties to the aluminium alloys, such as increased stiffness, high strength, good wear resistance and enhanced creep resistance which make these composites suitable for aerospace and transport industry applications. 1, 2) The main hindrance of widespread industrial application of AlMMC is the difficulty encountered in their joining.
3) Mechanical fastening(bolting and riveting) involves damage of reinforcement and generation of stress concentration leading to catastrophic failure. 4) Fusion welding of SiC reinforced AlMMC imposes problems such as formation of detrimental intermetallic compound (Al 4 C 3 ), weld porosity, cracking at HAZ etc. [5] [6] [7] Diffusion bonding has been recognized as the precision bonding technique for metals, non-metals, dissimilar materials and metal matrix composites. 8, 9) There are two diffusion bonding techniques: solid state diffusion bonding and transient liquid phase diffusion (TLPD) bonding. Solid state diffusion bonding of AlMMC requires application of high pressure to remove tenacious and stable aluminium oxide layer at surface that inhibits metal to metal contact. Such high pressure causes substantial plastic deformation (in excess of 40 %). 10, 11) The transient liquid phase diffusion (TLPD) bonding process which employs an 'interlayer' (often a pure metal) for the formation of low melting point composition (e.g. eutectic), has the advantage of lower bonding temperature, lower bonding pressure and less surface finish requirement than solid state diffusion bonding. However, completion of the TLPD bonding process requires a long time mainly due to isothermal solidification stage. If isothermal solidification is not completed, residual liquid in the interlayer may solidify as brittle phases impairing bond strength. 12) For commercial application of this technique, understanding the microstructural variation in the bond region with respect to kinetics of the TLPD process particularly during isothermal solidification is of great importance.
Although a number of investigations have been carried out on TLPD bonding of different monolithic metals and alloys, reports on the TLPD bonding of AlMMCs are limited. 9, [13] [14] [15] [16] Furthermore, among different interlayer used in TLPD bonding of monolithic aluminium based alloys, the use of copper interlayer has proved to be successful for joining conventional aluminium alloys, and bond strength comparable to that of the parent material has been reported. 17) Again, the published literature on TLPD bonding of AlMMCs mainly dealt with the development of bonding conditions using different thickness of copper interlayer in order to achieve adequate bond strength. However, no explicit correlation was made between bond microstructure and different stages of the process. Also, no comparison of process kinetics was made with monolithic system. This is particularly important since AlMMC rein-forced with ceramic particles exhibits a high dislocation density and defect-rich particle/matrix interface as compared to monolithic aluminium alloys. 18) Therefore, the presence of SiC particle is expected to accelerate TLPD bonding process of AlMMC.
On the other hand, accurate control of product quality is crucial for any particular application of AlMMC using the TLPD process. Further, there would be major benefits if non-destructive testing (NDT) is applied to assess bond quality. Among different NDT methods, the potential of ultrasonic testing is now recognized universally. For example, the ultrasonic immersion method has been developed to determine stiffness constants of Al/SiCp composite. 19) However, rarely any published literature is available that characterizes the bond region of TLPD bonded AlMMC by conventional nondestructive technique. The purpose of the present work is to study the microstructure of TLPD bonded 6061-SiCp composite with regard to process kinetics and mechanism in comparison with the reported process kinetics and mechanism in monolithic system, as well as to investigate bond region by conventional pulse echo ultrasonic technique.
Experimental Procedure

Material
As-received material was an extruded rod of AlMMC consisting of 6061 matrix alloy and 15 wt% (12.93 vol%) silicon carbide (SiC) particulate reinforcement of 23 mm average size. The nominal composition of 6061 alloy 20) is given in Table 1 . In addition it contains some iron (0.6 wt%) as an impurity which was confirmed by optical emission spectroscopy. The density of this as received AlMMC was also measured by water displacement method.
Specimen Preparation for Bonding
The extruded rod was machined to produce discs of 15 mm diameter and 10 mm height. As a result the flat surfaces of discs became perpendicular to the extrusion direction. The flat surfaces of discs to be joined together were polished to 1 mm finish. Pure copper (99.97 wt%) foil of 50 mm thickness was used as interlayer. The interlayer was punched out to a diameter of 15 mm for bonding. The interlayer and polished flat surfaces of discs were finally rinsed in acetone and dried by a hot air blast just before bonding.
TLPD Bonding
The interlayer was placed between the polished faying surfaces of the two AlMMC discs. This assembly was then set by an adhesive tape and inserted inside the diffusion bonding unit. The bonding was carried out in a programmable electric furnace keeping bond centerline horizontal. A thermocouple inserted into the drilled hole in one of each pair of discs was used to monitor bonding temperature. The argon gas was flown into the bonding chamber at a rate 5 L/min to maintain inert atmosphere. The bonding temperature was kept at 560°C which is above the eutectic temperature (548°C) of Al-Cu system 21) and below the solidus temperature (582°C) of 6061 matrix alloy. 20) The specimens were heated to the bonding temperature (560°C) at a rate of 6°C/min, held at that temperature for five different lengths of time (bonding time) viz. 20 min, 1 h, 2 h, 3 h, 6 h and cooled down to a temperature of 540°C inside the furnace. Then the specimens were taken out of the furnace and cooled in still air to the room temperature. Two different pressures, 0.1 MPa and 0.2 MPa, were applied for bonding.
Optical Metallography
Bonded cylindrical samples were sectioned perpendicular to the bonding plane using a low speed diamond cutter. The section was polished to 1 mm finish and etched with Keller's reagent. Both qualitative and quantitative study of microstructure around bond interface was carried out using optical microscope with digital photomicrography (ZEISS, Imager.A1m). The interface width was measured at 'periphery' and 'central zone' of the bond interface. The bond centerline had 15 mm length. The two edges of bond centerline, with each edge of 3.5 mm length, were considered as 'periphery'. The remaining part at the middle, of 8 mm length, was considered as 'central zone'.
SEM and EDS Analysis
As-polished section was examined around bond interface under scanning electron microscope (JEOL, JSM-5800). Microstructures were studied with both back scattered electron image mode and secondary electron image mode. Reasonable phase contrast was achieved in back scattered electron image mode. Accordingly different phases were identified by EDS spot analysis. Also the progress of diffusion was studied by line scan. The line scan for concentration variation of copper was carried out along a line of 600 mm length lying perpendicular to the bond interface keeping bond centerline approximately at the middle.
Ultrasonic Test
Bonded cylindrical samples were machined to 10 mm diameter to eliminate edge effects. Flat surfaces at the two ends were polished with fine emery paper. These bonded specimens having dimension of 20 mm length (approximately)ϫ10 mm diameter and as received composite specimen of similar dimension were taken for Ultrasonic test. The test was carried out in a pulse echo ultrasonic instrument (KARL DEUTSCH-ECOGRAPH 1030) at a frequency of 10 MHz using TR probe. During test the longitudinal wave propagated approximately perpendicular to the bonding plane (along the length of the specimen).
Results and Discussion
As-received Composite
The microstructure of as-received AlMMC as shown in Fig. 1 clearly reveals bands of SiC-rich areas along the extrusion direction as well as some porosity near the particle cluster (band). The presence of porosity is also indicated in the measured density of the composite (2.72 g/cm 3 ) that shows lower value than the theoretical density of composite (2.77 g/cm 3 ) based on the calculation from the reported density 20, 22) of 6061 matrix alloy (2.70 g/cm 3 ) and SiC (3.21 g/cm 3 ). The presence of bright FeAl 3 intermetallic phase (containing about 61 wt% Al) in AlMMC is confirmed by SEM back scattered image ( Fig. 1(c) ) and EDS Spot analysis ( Fig. 2(a) ). Chemical analysis by Optical emission spectrometer indicates the presence of about 0.6 wt% iron impurity in the composite. The presence of iron impurity (about 0.7 wt% Fe) in 6061 alloy was reported. 23 ) Also, the presence of FeAl 3 in AlMMC containing iron impurity was observed.
14) The formation of FeAl 3 phase even for iron content less than 0.6 wt% is not unexpected since iron has got very little solubility in aluminium as confirmed from Fe-Al phase diagram. 21) 
Microstructural Evaluation and Mechanism
Optical microstructures of TLPD bonded specimens in etched condition representing the bond interface at central zone is shown in Fig. 3 . SEM back scattered images of the bond interface are presented in Figs. 4 and 5. The specimens with minimum bonding time (20 min) exhibit isothermally solidified grains (mainly of primary a) adjacent to bond interface ( Fig. 3(a) ). Furthermore, presence of CuAl 2 phase (containing about 54 wt% Cu) is observed (Fig. 4(a) ) adjacent to the bond interface. It is to be noted that asreceived AlMMC (unbonded) does not contain any CuAl 2 intermetallic phase. This observation indicates that isothermal solidification started before 20 min of bonding time and CuAl 2 phase is likely to precipitate out in isothermally solidified zone during cooling from bonding temperature as solubility of Cu in primary a decreases with decreasing temperature following solvus curve.
Based on the study of monolithic system, the TLPD bonding process was described as consisting of four stages by previous investigators 12, 24, 25) namely, (I) dissolution of interlayer, (II) homogenization of liquid (widening of liquid to its maximum width), (III) isothermal solidification, and (IV) homogenization of bond region. Liu et al. 26 ) outlined an analytical model that accounts for the fact that the disso- lution front proceeds into the interlayer as well as the parent metal. Using Liu et al.'s equations the time for complete dissolution of the interlayer is of the order of seconds, as was also calculated by Tuah-Poku et al. 25) However, analytical models have not been developed to fully describe the widening process of liquid (stage II) and, in fact, there is no discrete boundary in time between stage I and stage II. Once the interlayer is dissolved, the width of the liquid zone becomes greater than the initial interlayer width.
Hence the process of widening occurs concurrently with dissolution. Nakao et al. 27) and Tuah-Poku et al. 25) reported that the time required for the liquid widening process (stage II) is of the order of minutes. In present study, heating from eutectic temperature (548°C) to the bonding temperature (560°C) at a rate 6°C/min takes 2 min. It is possible that the first two stages (dissolution of interlayer and widening of liquid) are completed during heating to the bonding temperature. Therefore, liquid widening process completes and isothermal solidification starts before 20 min of holding. The presence of 15 wt% SiC particle in 6061 aluminium matrix is expected to have significant effect on TLPD bonding process as compared to pure monolithic system. Microstructural study reveals the segregation of SiC particles at bond centerline with isothermally solidified zones on both sides. During bonding the bond centerline was kept horizontal. Since no preferential segregation occurs towards the lower AlMMC disc, this is not the case of gravity segregation. According to published literature 28) on general solidification characteristic of SiC reinforced AlMMC, the primary a is very efficient at rejecting SiC, and pushing the particles ahead of the solid/liquid interface. In this regard a critical velocity of solid/liquid interface has been reported, 23) below which the SiC particles are pushed by the moving interface and above which they are entrapped. Since the first two stages of TLPD bonding (dissolution of interlayer and widening of liquid) are very fast the velocity of solid/liquid interface is also very high. As a result SiC particles are not pushed by the solid/liquid interface away from the bond centerline during widening of liquid. The next stage, the isothermal solidification, is slow due to solid state diffusion controlling the process and takes several hours for completion. During isothermal solidification due to low velocity of solid/liquid interface most of the SiC particles are pushed by the moving solid/liquid interface, as evident in the present work. As a result, particles segregate at bond centerline along with liquid phase and the residual liquid gets solidified during cooling. This aggregate of residual liquid and segregated SiC particles may be called as 'Segregation Zone' and the width of this segregation zone may be termed as 'interface width'. This is schematically shown in Fig. 6 . The measured interface width at central zone and at periphery of bond interface is presented in Table 2 . At 20 min bonding time the interface width at central zone is somewhat similar (slightly greater) to that at periphery. However, with increasing bonding time interface width at central zone decreases continuously and always remains lower than that at periphery. This phenomenon indicates that during TLPD bonding under pressure (0.1 MPa and 0.2 MPa) liquid-particle aggregate at interface moves towards periphery and flows out. The interface width at periphery exhibits decrease and occasional increase depending on the flow of liquid-particle aggregate from center to periphery and from periphery to outside. Also, with increasing bonding time reduction of interface width at central zone is more at higher pressure (0.2 MPa) than at lower pressure (0.1 MPa). This again indicates more mass flow towards periphery under higher pressure. It is important to note that specimens with 3 h and 6 h bonding time (for both the pressures 0.1 MPa and 0.2 MPa) exhibit negligible interface width at central zone with least segregation of SiC particles as shown in Figs. 3(d) and 3(e) . Furthermore, the bond interface is hardly discernible and grain continuity exists across the interface indicating the completion of isothermal solidification in 3 h of bonding time. The EDS spot analysis (Fig. 2(d) ) at bond interface of the specimen with 3 h bonding time and 0.2 MPa pressure exhibits the presence of 2.11 wt% Cu. According to Al-Cu phase diagram, 21) at bonding temperature (560°C) the maximum solubility of copper in primary a is 4.35 wt%. Therefore, the copper content of 2.11 wt% indicates the presence of primary a grains. This further confirms the completion of isothermal solidification.
However, so far, TLPD bonding process in relation to its process mechanism has been rarely dealt in the joining of AlMMC. Also, literature on TLPD bonding mechanism specifically for joining pure aluminium or aluminium alloys using Cu interlayer is limited. Natsume et al. 12) investigated the mechanism of TLPD bonding for joining pure Al by 50 mm Cu interlayer at 570°C up to a maximum bonding time of 1 h. According to their experimental data, melting of interlayer took about 15 s. The liquid widened to its maximum width of 460 mm in 60 s. It is to be noted that the specimen was not held at bonding temperature till the completion of isothermal solidification. Up to 1 h of maximum holding liquid width decreased to 406 mm through isothermal solidification. Whereas, in the present investigation interface width at central zone has reduced to 107 mm for 0.1 MPa pressure and 86 mm for 0.2 MPa pressure after 1 h of holding. This indicates much faster kinetics of isothermal solidification in case of AlMMC as compared to the pure monolithic system. In the present study AlMMC contains substantial amount (15 wt%) of SiC particles. The presence of SiC particles in the metallic matrix leads to the formation of defect-rich interfacial region of high dislocation density, mainly due to the difference in coefficient of thermal expansion between metallic matrix and SiC parti- cles. 18, [30] [31] [32] [33] The coefficient of thermal expansion of 6061 matrix alloy and SiC particle are 23.6ϫ10 Ϫ6 /K and 5.5ϫ 10 Ϫ6 /K respectively. 20, 22) Thus, it is likely that the particle/ matrix interface of composite is associated with high dislocation density. In addition, as discussed earlier, the composite contains porosity. These defects provide short circuit paths for diffusion. Therefore, at the bonding temperature of 560°C (which is nearer to the solidus temperature, 582°C, of 6061 alloy), along with lattice diffusion, short circuit diffusion is also expected to be operative. It is reported that 34) short circuit diffusivities are larger than lattice diffusivities by a factor of 10 3 near the melting point. As a result, diffusion becomes faster. Moreover, due to application of pressure some part of liquid flows out of periphery reducing the amount of liquid to be solidified isothermally.
The result of line scan (Fig. 7) for Cu concentration variation across the bond interface indicates diffusion of Cu away from the interface. At the bonding time of 6 h Cu is found to be uniformly distributed representing homogenization of bond region. The CuAl 2 phase is found to be present at bond interface (segregation zone) as well as in isothermally solidified zone. At the bond interface CuAl 2 forms through eutectic solidification of residual liquid during cooling. At the bonding temperature this residual liquid remains intermixed with segregated SiC particles. SEM backscattered image (Fig. 4) clearly reveals that during cooling CuAl 2 preferentially nucleates on SiC particles at bond interface. Lower is the bonding time more CuAl 2 phase is present at bond interface than in isothermally solidified zone. As bonding time increases further diffusion of Cu away from the bond interface gradually ceases CuAl 2 formation at interface. For higher bonding time (Fig. 5 ) CuAl 2 phase is mostly found to appear in the isothermally solidified zone away from the interface. Isothermally solidified zone contains the grains of primary a. During cooling from bonding temperature, as the solubility of Cu decreases, CuAl 2 precipitates out of primary a. In bonded composite the intermetallic phase of iron impurity is found to be present in the form of Fe 2 Al 5 . The pebble shaped Fe 2 Al 5 (containing 56 wt% Al) segregates mainly at bond interface (Fig. 8) . It is likely that during isothermal solidification Fe 2 Al 5 particles are pushed by solid/liquid interface and thereby segregate at bond interface (segregation zone) along with SiC particles. The high melting point of Fe 2 Al 5 (1 169°C) and the stability of Fe 2 Al 5 phase around bonding temperature (560°C) as obtained from the phase diagrams of binary Fe-Al and ternary Al-Cu-Fe systems 21, 35) further confirms this possibility.
Ultrasonic Characterization
The typical display on oscilloscope screen for ultrasonic test is shown in Fig. 9 . The ratio of back wall echo height (h) to initial pulse height (h 0 ) is calculated. This ratio (h/h 0 ) is considered to be the ratio of the amplitude of back wall echo to the amplitude of initial pulse. The attenuation coefficient (b) referred to sound pressure is expressed in dB/m as 36) : bϭ(20/L) log(P 0 /P); where 'L' is the total distance in 'm' traveled by the ultrasonic wave which is equal to the length of the specimen. P 0 and P are the sound pressures at the beginning and the end, respectively. Since sound pressure is proportional to the amplitude, (P 0 /P) is replaced by (h 0 /h) and accordingly attenuation coefficient (b) is calculated. Table 3 summarizes the calculated b values for different specimens. The back wall echo height for as received composite is almost equal to the height of initial pulse and corresponding attenuation coefficient is very small (9 dB/m). This indicates that scattering of ultrasonic wave by SiC particles in as received composite is insignificant and therefore, attenuation is negligible. For 10 MHz test frequency and with a sound velocity 6.32ϫ10 3 m/s in aluminium, 36) wave length of ultrasound comes out to be 632 mm. The average particle size of composite (23 mm) is therefore less than 1/10th of the wavelength (63 mm). Under this condition attenuation is usually absent. 36) Also, in as received composite, the SiC bands are parallel to the direction of the ultrasonic wave propagation and therefore, should not cause attenuation.
However, in bonded specimens, significant attenuation is observed, especially at shorter bonding time. The Specimens with 20 min bonding time at both the applied pressures (0.1 MPa and 0.2 MPa) do not exhibit any back wall echo indicating complete attenuation. For longer bonding times back wall echo appears and its height increases with increasing bonding time. Therefore, with increasing bonding time the amplitude ratio (h/h 0 ) increases and b decreases. This behavior can be correlated with the particle segregation (mainly SiC) at bond interface. During TLPD bonding particles segregate at bond interface. Once the diameter of the specimen is reduced to 10 mm from 15 mm for ultrasonic test, the interface width at central zone mainly represents the width of particle segregation. The width of particle segregation (interface width at central zone) is much higher than the 1/10th of the wavelength (Table 2 ) and, therefore causes significant scattering effect. Since the segregation is aligned perpendicular to the ultrasonic wave, waves are scattered all around causing attenuation. With increasing bonding time width of particle segregation decreases and accordingly attenuation also decreases due to reduced scattering effect. Attenuation coefficient (b) approaches lower value at the completion of isothermal solidification (3 h bonding time) and homogenization of bond region (6 h bonding time). The lowering of attenuation coefficient with increasing bonding time is more pronounced at higher pressure (0.2 MPa) due to faster decrease in width of particle segregation as compared to that at lower pressure (0.1 MPa).
Conclusion
(1) TLPD bonding process of 6061-SiCp composite occurs much faster than that of pure aluminium. Isothermal solidification takes about 3 h and bond region gets homogenized in 6 h.
(2) In composite, the presence of defect-rich particle/ matrix interface and porosity makes diffusion process faster. In addition, during isothermal solidification most SiC particles are pushed by the moving solid/liquid interface. These particles segregate at the bond interface along with residual liquid. Simultaneously, under applied pressure the mass of residual liquid and segregated SiC particles at bond interface gradually moves towards periphery and ultimately flows out with increasing bonding time. This reduces the amount of residual liquid to be solidified. As a result the duration of isothermal solidification is reduced.
(3) The CuAl 2 phase is found to be present at bond interface (segregation zone) as well as in the isothermally solidified zone. Pebble shaped Fe 2 Al 5 phase of iron impurity segregates mainly at the bond interface.
(4) The Segregated particles at bond interface scatter ultrasonic wave causing attenuation. The extent of attenuation decreases as width of particle segregation decreases with increasing bonding time. The early stage of isothermal solidification is characterized by high attenuation with absence of back wall echo. Relatively lower attenuation indicates the completion of isothermal solidification and homogenization of the bond region.
